H eart disease is a major cause of morbidity and mortality in the developed world. Patient recovery after cardiac injury is hampered by the extremely limited regenerative capacity of the adult mammalian heart. In addition to cell-based approaches and in situ cardiac reprogramming, significant interest has been focused on genetic and small molecule-based strategies to enhance endogenous cardiomyocyte proliferative potential. A recent study in Nature suggests, for the first time, that microRNAs may have the ability to induce cardiomyocyte proliferation and cardiac regeneration in adult mice.
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The overwhelming majority of cardiomyocytes in the mammalian heart lose their proliferative capacity shortly after birth. Acute or chronic injury to the myocardium often results in extensive loss of cardiomyocytes and a nonregenerative healing response characterized by scar formation, both of which contribute to a permanent loss of cardiac function. Despite some evidence that the rate of cardiomyocyte renewal may increase slightly after injury, 1 this response is insufficient to replace the ≈1 billion cardiomyocytes that may be lost during a typical myocardial infarction. The insufficiency of the cardiac repair response results in progressive cardiac dysfunction, and individuals suffering from end-stage heart failure are currently limited to orthotopic cardiac transplant. It is, therefore, of great clinical importance to develop therapeutic strategies that could enhance the normal regenerative potential of the adult mammalian heart.
Recently, a study published in Nature by Eulalio et al 2 took a novel approach to this problem. Using a screening approach, the authors interrogated the potential of a class of genes called microRNAs (miRNAs) to induce cell-cycle reentry in postnatal cardiomyocytes. miRNAs are small noncoding RNAs that negatively regulate the translation or stability of their target mRNAs. Although miRNA targeting of mRNAs occurs in a sequence-specific manner, perfect base-pair complementarity is not required for effective silencing. Thus, a single miRNA may have hundreds of cellular targets, making them powerful regulators of myriad biological processes.
Eulalio et al 2 showed that administration of several different miRNA species in multiple contexts resulted in cardiomyocyte proliferation and cardiac regeneration. Initially, they screened 875 miRNA mimics for ones that could enhance proliferation in primary rat neonatal cardiomyocytes. Surprisingly, they identified 204 miRNAs that increased proliferation >2-fold over a control mimic. Of the identified miRNAs, ≈20% (40) also enhanced proliferation in mouse neonatal cardiomyocytes.
For further characterization and in vivo studies, the authors selected 2 candidates, miR-199a-3p and miR-590-3p, that most effectively promoted proliferation in the mouse and rat studies, respectively. When introduced into the neonatal rat heart, these miRNAs induced cardiomyocyte hyperplasia. A comparable effect was observed when cardiotropic viral vectors encoding the miRNAs were administered systemically to neonatal mice. Perhaps more excitingly, each of the 2 miR-NAs promoted cardiac regeneration in an adult mouse model of myocardial infarction. When viruses encoding miR-199-3p or miR-590-3p were injected in the peri-infarct area immediately after ligation of the left anterior descending coronary artery, the authors observed a dramatic decrease in subsequent scar size, as well as impressive functional improvement, in comparison with animals treated with a control miRNA. Assuming these results are reproducible, the findings have exciting scientific and therapeutic implications.
During the past decade, a growing body of work has challenged the once held view that the mammalian heart completely lacks regenerative capabilities. Studies using radiocarbon isotope dating suggest that the normal turnover rate of cardiomyocytes in the human heart hovers at ≈1% per year for young adults, 3 whereas studies using alternate techniques estimate turnover rates to be even higher. 4 Thus, although mammals may lack the robust regenerative abilities seen in amphibians and teleost fishes, the adult mammalian heart slowly but steadily renews itself.
More recently, Porrello et al 5 showed that neonatal mammals mount a regenerative response after cardiac injury more akin to lower vertebrates than adult mammals. This study demonstrated that neonatal mice fully regenerate portions of their ventricles after resection and that this response is lost within the first postnatal week. Furthermore, the loss of regenerative potential is correlated with an upregulation in the expression of miR-15 family members, 6 highlighting the powerful role miRNAs may play in repressing cardiomyocyte proliferation in the neonatal heart.
These findings lead to an interesting paradigm in which the regenerative potential of a cardiomyocyte is not so much species-specific as it is age-restricted. It also poses an interesting biological question. Can mature adult cardiomyocytes regain the regenerative properties of immature cardiomyocytes? The work of Eulalio et al 2 is insightful because it demonstrates that normal mechanisms that restrict the proliferative potential of cardiomyocytes can be overcome by forced expression of a single miRNA, suggesting that, in fact, mature cardiomyocytes can be coaxed into a more immature or regenerative state.
The in vitro data presented by Eulalio et al 2 suggest that the regenerative effect of the miRNAs is attributable to their effect on cardiomyocytes and not other cardiac cell types. However, controversy remains about the source of new cardiomyocytes during normal turnover as well as postinjury in vivo. Although some contribution of a resident cardiac stem cell has not been ruled out, several recent studies have shown that a majority of new cardiomyocytes in the adult heart are derived from preexisting cardiomyocytes, further challenging the notion that adult cardiomyocytes have permanently exited the cell cycle. These findings are consistent with the model proposed in neonatal mouse cardiac regeneration, as well as that in adult zebrafish, where cardiac regeneration is now thought to occur through proliferation of existing cardiomyocytes. 7, 8 Although the exogenous expression of the miRNAs described by Eulalio et al 2 promoted impressive recovery of cardiac function postinfarction, it will be important to definitively determine which target cell type in the adult heart is responsible for mediating the regenerative effect through careful lineage tracing experiments. miRNAs have been optimized by evolution to be highly efficient regulators of many biological processes. A single miRNA can target multiple genes not only within a single pathway, but also multiple pathways within a greater network may be coordinately regulated. It has been appreciated for several years that, in the mammalian heart, precise expression patterns and dosages of miRNAs are required for normal development and homeostasis. [9] [10] [11] [12] [13] Additionally, the introduction of several miRNAs in combination is sufficient to reprogram nonmyocyte fibroblasts into a cardiomyocyte-like cell, 14 demonstrating that miRNAs are not only powerful regulators of normal cardiac function but also, like transcription factors, can regulate major cell fate decisions.
To determine which genes may be contributing to the enhanced cardiomyocyte proliferation seen on overexpression of miR-199a-3p or miR-590-3p, the authors performed an RNA sequencing analysis and compared the expression patterns of cardiomyocytes with or without expression of the candidate miRNA. An siRNA screen of putative target genes that were downregulated (>600 genes targeted) revealed 45 candidates whose downregulation alone was sufficient to reactivate the cell cycle in neonatal cardiomyocytes to some extent. Notably, no single candidate gene knockdown was as effective as miR-NA overexpression in promoting proliferation, suggesting that the identified miRNAs likely mediate their effects through the combined targeting of multiple genes. Interestingly, only 3 of the miR-199a-3p and miR-590-3p target genes overlapped: Homer1, Hopx, and Clic5. Although Hopx is known to inhibit embryonic cardiomyocyte proliferation, 15 Homer1 and Clic5 have not previously been implicated in cardiomyocyte proliferation. Future studies will be required to determine the mechanisms by which these genes normally act to restrict proliferation in the adult cardiomyocyte.
In conclusion, the work presented by Eulalio et al 2 is notable because it adds to the growing body of work suggesting that the regenerative capacity of the heart can be enhanced in vivo. Moreover, the authors identified specific miRNA sequences and their downstream targets that can promote regeneration. Like most ground-breaking studies, this work raises many new questions. What is the mechanism of cell-cycle reentry? How is the number of cell divisions controlled? Can we be certain that the new myocytes are derived from preexisting ones in the absence of rigorous lineage tracing experiments? Do the findings translate to the human system? Although these and other questions will undoubtedly be explored in the future, miR-199-3p and miR-590-3p and their targets may prove interesting therapeutic targets and further work on these miR-NAs may indicate scientific avenues to explore for cardiac regenerative approaches.
It is gratifying that, with new tools at our disposal, we are beginning to attack heart disease from multiple angles, including the induction of cardiomyocyte proliferation and survival, [16] [17] [18] cardiomyocyte reprogramming, 14, [19] [20] [21] and stimulation of endogenous repair mechanisms through cell therapy. 22, 23 Furthermore, miRNAs represent a novel class of biological tools implicated in the regulation of many of these regenerative strategies (Figure) . [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] With the recent successes, there is every reason to be hopeful that someday patients with Figure. MicroRNA regulation of cardiac regeneration. miRNAs regulate many processes in cardiac regeneration, including cardiomyocyte proliferation, differentiation, survival, and reprogramming.
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end-stage heart failure will have more options than the highly limited one of heart transplant.
